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bstract

Human serum albumin (HSA) nanoparticles represent promising drug carrier systems. Binding of cytostatics to HSA nanoparticles may diminish
heir toxicity, optimise their body distribution and/or may overcome multidrug resistance. In the present study, doxorubicin-loaded HSA nanoparticle
reparations were prepared. Doxorubicin was loaded to the HSA nanoparticles either by adsorption to the nanoparticles’ surfaces or by incorporation

nto the particle matrix. Both loading strategies resulted in HSA nanoparticles of a size range between 150 nm and 500 nm with a loading efficiency
f 70–95%. The influence on cell viability of the resulting nanoparticles was investigated in two different neuroblastoma cell lines. The anti-cancer
ffects of the drug-loaded nanoparticles were increased in comparison to doxorubicin solution. Based on these result a standard protocol for the
reparation of doxorubicin-loaded HSA nanoparticles for further antitumoural studies was established.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Doxorubicin is a widely used antineoplastic agent. However,
ts use is limited by its high toxicity, especially its cardiotoxicity
Singal et al., 2000; Minotti et al., 2004).

A promising approach to increase the efficacy and to lower
ide-effects of antineoplastic drugs is their binding to drug
elivery systems such as nanoparticles. Doxorubicin has been
ound to nanoparticles made of different materials, as for exam-
le, poly(butyl cyanoacrylate) (PBCA) (Gulyaev et al., 1999;
teiniger et al., 2004), poly(isohexyl cyanoacrylate) (PIHCA)
Cuvier et al., 1992), poly(lactic-co-glycolic acid) (PLGA) (Yoo
t al., 1999), and gelatin (Leo et al., 1997; Leo et al., 1999). In
omparison to doxorubicin solutions the nanoparticle formula-
ions showed several benefits: with particle sizes in the range of

00–500 nm a passive tumour targeting was possible due to the
o-called enhanced permeation and retention effect (EPR effect)
Maeda et al., 2000). Furthermore, some of these colloidal carri-

∗ Corresponding author. Tel.: +49 69 798 29692; fax: +49 69 798 29694.
E-mail address: k.langer@em.uni-frankfurt.de (K. Langer).
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ical characterisation; Cell viability

rs were able to overcome multidrug resistance in various cancer
ell lines. For instance, Barraud et al. (2005) showed a 4.5-fold
eduction of the IC50 (half maximal inhibitory concentration) in
epaRG cells with PIHCA-nanoparticles compared to free dox-
rubicin. Doxorubicin-loaded PBCA nanoparticles coated with
olysorbate 80 were able to transport the drug into the brain of
lioblastoma-bearing rats (Steiniger et al., 2004; Ambruosi et
l., 2006). This effect resulted in an increased survival time and
n long time remissions of more than 20% of the treated animals
ompared to control.

In contrast to these nanoparticulate systems, human serum
lbumin (HSA) nanoparticles offer the benefits to carry
unctional groups (i.e. amino and carboxylic groups) that
an be used for surface modifications (Wartlick et al., 2004a).
dditionally, it has to be expected that HSA based nanoparticles
ill be well tolerated without any serious side-effects, which

s supported by clinical studies with registered HSA based
article formulations such as AlbunexTM (Feinstein et al., 1990;

eny et al., 1993) and AbraxaneTM (Damascelli et al., 2001;

brahim et al., 2002). For this reason, the drug loading capacity
f doxorubicin to HSA nanoparticles was investigated. The
SA nanoparticles were prepared by a desolvation technique as

mailto:k.langer@em.uni-frankfurt.de
dx.doi.org/10.1016/j.ijpharm.2007.03.036
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escribed previously (Weber et al., 2000; Langer et al., 2003).
lutaraldehyde was used for the stabilisation of the nanoparti-

les. As shown before, the stability of HSA nanoparticles can
e controlled by the amount of glutaraldehyde used (Weber et
l., 2000; Wartlick et al., 2004b).

For drug loading of nanoparticles three major strategies can
e employed: (1) covalent attachment of the drug to the par-
icle surface (Eatock et al., 1999) or to the polymer prior to
reparation (Yoo et al., 1999), (2) adsorption of the drug to
preformed carrier system, and (3) incorporation of the drug

nto the particle matrix during particle preparation. While the
rst possibility leads to a new chemical entity (NCE) (Duncan,
003), the simple adsorption to a preformed carrier system
ears the risk of drug loss by desorption processes. There-
ore, a promising method appears to be drug incorporation
nto the particle matrix. Incorporation has been shown to pro-
ect pharmacological active substances from degradation during
torage as well as from early degradation/inactivation after injec-
ion.

In the present study, doxorubicin was adsorbed to preformed
SA nanoparticles or was incorporated into the matrix of HSA
anoparticles, using a previously described desolvation method
Weber et al., 2000; Langer et al., 2003). The HSA nanoparticles
ere investigated for their anti-cancer activity in two neuroblas-

oma cell lines (UKF-NB3; IMR 32).

. Materials and methods

.1. Chemicals and reagents

Human serum albumin (HSA, fraction V, purity 96–99%,
5,000 Da) and glutaraldehyde 8% solution were obtained from
igma (Steinheim, Germany). Doxorubicin hydrochloride was a
ift of Sicor (Milan, Italy). Solvents such as ethanol, acetonitrile,
nd all other reagents were purchased from Merck (Darmstadt,
ermany) and were of analytical grade.
Unless otherwise stated all of the experiments were per-

ormed in triplicate.

.2. Adsorption isotherm of doxorubicin to HSA

In order to determine the adsorption isotherm of doxoru-
icin to HSA in solution, different amounts of doxorubicin
0.25 mg/ml, 0.5 mg/ml, 0.75 mg/ml, 1.0 mg/ml, 2.0 mg/ml,
.0 mg/ml) were incubated in a 20 mg/ml HSA-solution under
onstant shaking (650 rpm, Thermomixer comfort, Eppendorf,
amburg, Germany) for 2 h at 20 ◦C. After incubation, the

olutions were centrifuged through Amicon Ultrafree-MC cen-
rifugal filter devices with a Biomax®30 membrane (size
xclusion 30,000 Da, Millipore, Bredford, USA) according to
he supplier’s instructions. The concentration of doxorubicin in
he ultrafiltrates was determined by HPLC analysis. The frac-
ion of doxorubicin adsorbed to HSA as well as the equilibrium

oncentration of doxorubicin in the solution was calculated and
he adsorption isotherm was plotted.

Prior to the determination of the adsorption isotherm the
uitability of the filter devices was assured. To assure that no

w
b
w
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nspecific adsorption of doxorubicin to the filter material takes
lace, drug solutions ranging from 0.5 mg/ml to 4.0 mg/ml were
ltered, and the drug recovery was measured by HPLC. The
etention of HSA by the filter was examined by filtration of a
0 mg/ml HSA solution followed by protein determination in the
ltrate by standard BCA assay (Pierce, Rockford, USA) (Smith,
995).

.3. Preparation of empty HSA nanoparticles

Empty HSA nanoparticles were prepared using a previously
escribed desolvation technique (Weber et al., 2000; Langer et
l., 2003). Specifically, 200 mg of HSA were dissolved in 2 ml
f purified water and the pH was adjusted to 8.2 with 0.01 M
aOH. Under constant stirring (600 rpm) at room tempera-

ure 8 ml ethanol were added (1 ml/min) using a tubing pump
Ismatec IPN, Glattbrugg, Switzerland). Following the desolva-
ion process the particles were stabilised by the addition of an
queous 8% glutaraldehyde solution (1.175 �l/mg HSA). The
rosslinking process was performed under stirring of the sus-
ension over 24 h. The resulting nanoparticles were purified by
epeated centrifugation (16,100 × g, 12 min, Centrifuge 5415D,
ppendorf, Hamburg, Germany) and redispersion in purified
ater by ultrasonication (Sonorex, Bandelin, Berlin, Germany)

n order to eliminate excipients such as ethanol and glutaralde-
yde.

.4. Adsorption of doxorubicin to empty HSA nanoparticles

A stock solution of the doxorubicin (5 mg/ml) was prepared,
nd volumes between 50 �l and 800 �l were added to 20 mg of
mpty nanoparticles. The volume was adjusted with water to
.0 ml. The mixture was stirred for 2 h (650 rpm) at room tem-
erature to achieve an adsorption equilibrium of doxorubicin
o the particle surface. The nanoparticles were washed as pre-
iously described. The supernatants of the washing steps were
ollected and the concentration of free doxorubicin was analysed
y HPLC.

.5. Incorporation of doxorubicin into HSA nanoparticles

According to the adsorption isotherm of doxorubicin to HSA
n solution aliquots of 0.5–4.0 mg of doxorubicin and 20 mg of
SA were dissolved in 1 ml of purified water and stirred for
h to achieve adsorption of the drug to the protein. Nanoparti-
les were formed by addition of 3 ml of ethanol via a peristaltic
ump (LKB, Bromma, Sweden) (1 ml/min) under constant stir-
ing (650 rpm), and crosslinking was performed by addition of an
queous 8% glutaraldehyde solution (0.294–1.175 �l/mg HSA,
4 h) as described above. The desolvation step was carried at
H 6.5 as well as after pH adjustment to 8.2. During particle
as measured by HPLC, and the loading efficiency of doxoru-
icin to the nanoparticles was calculated. The resulting particles
ere characterised with regard to size, size distribution, and

etapotential.
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.6. Measurement of particle size and zetapotential

The average particle size was measured by photon correla-
ion spectroscopy (PCS) using a Malvern Zetasizer 3000HSA
Malvern Instruments Ltd., Malvern, UK). The samples were
iluted 1:400 with purified water and were measured at a tem-
erature of 25 ◦C at a scattering angle of 90◦. The zetapotential
as measured using the same instrument modified with a dip-

ell (Malvern Instruments Ltd., Malvern, UK). For this analysis
he nanoparticles were diluted 1:200 with 50 mM phosphate-
uffer pH 7.4 and the zetapotential was determined by Laser
oppler microelectrophoresis.

.7. Long-time stability of HSA nanoparticles with
ncorporated doxorubicin

Aqueous dispersions of nanoparticles with embedded dox-
rubicin were stored at 4 ◦C for a period of 1.5 years. After
redetermined storage times, samples were taken, and the
anoparticles were redispersed by vortexing for 1 min (Vor-
ex Genie, Scientific Industries Inc., NY, USA). As stability
arameters particle size and polydispersity were determined as
escribed above.

.8. HPLC analysis of doxorubicin

A Hitachi D7000 HPLC system (Hitachi Ltd., Tokyo, Japan)
ith UV–vis and fluorescence detector was used for the quan-

ification of doxorubicin in the samples. For the assay a reverse
hase column (LiChroCART® 250-4 LiChrospher® 100 RP-
8, Merck, Darmstadt, Germany) was used, and separation was
btained using an isocratic mixture of water and acetonitrile
70:30) containing 0.1% trifluoroacetic acid (Configliacchi et
l., 1996). The flow rate was set to 0.8 ml/min, and the absorp-
ion (250 nm) and fluorescence (excitation 560 nm, emission
50 nm) were recorded. Under these conditions the retention
ime for doxorubicin was about 12 min. Doxorubicin concentra-
ions were calculated relative to a calibration curve.

.9. Cells

The N-myc amplified cell line UKF-NB-3 was established
rom metastases harvested in relapses in one of our patients
ith Evans stage 4 NB (Cinatl et al., 1992). IMR-32 cells
ere obtained from ATCC (Manassass, VA, USA). Both cell

ines were propagated in IMDM supplemented with 10% FBS,
00 IU/ml penicillin, and 100 mg/ml streptomycin at 37 ◦C.

.10. Cell viability-assay

Cell viability was investigated using the 3-(4,5-dimethyl-
hiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) dye
eduction assay after (Mosmann, 1983) modified as described

efore (Wartlick et al., 2004a). Briefly, 2 × 104 cells were seeded
n 96-well plates and incubated with nanoparticles starting with
concentration of 100 ng/ml doxorubicin. After 5 days, 25 �l
TT reagent per well was added for 4 h. Thereafter, 100 �l SDS

i
e
f
a
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olution per well (20% SDS in a 1:1 DMF/H2O solution) was
dded for further 20 h. Plates were read on a multiwell scanning
pectrophotometer at a wavelength of 560 nm and a reference
avelength of 620 nm. Cell viability was determined as the rel-

tive reduction of the optical density which correlates with the
mount of viable cells in relation to cell control. The inhibitory
oncentration of 50% (IC50) was calculated as the concentration
f drug yielding 50% of dye reduction compared to untreated
ontrol.

. Results and discussion

Many different possibilities have been discussed and tested
o diminish the toxicity, to modify the body distribution, and
o increase the antitumour efficacy of antineoplastic drugs.
oxorubicin was linked to various molecules such as N-(2-
ydroxypropyl)-methacrylamide (HPMA) copolymers via a
iodegradable oligopeptide spacer (Seymour et al., 1990), to
roteins (transferrin; albumin) via acid sensitive hydrazone
inker (Kratz et al., 1998a,b), to bovine serum albumin (BSA)
ia glutaraldehyde (Ohkawa et al., 1993), and to antibodies
Hurwitz et al., 1975). In the case of HPMA-conjugates a higher
irculation half-life and 100-fold lower initial peak levels of dox-
rubicin in heart tissue were observed. After further optimisation
hese conjugates have now entered the clinical phase I/II for the
reatment of endocrine related cancers (Duncan et al., 2005).
SA-conjugates were able to overcome the multidrug resistance
f a hepatoma rat cell line (AH66), and transferrin-conjugates
howed antiproliferative activity in LXFL 529 human lung car-
inoma cell line. A further promising approach to increase the
fficacy and to lower side-effects of antineoplastic drugs is their
inding to drug delivery systems such as nanoparticles.

The objective of the present study, therefore, was to opti-
ise the drug loading of the cytostatic drug doxorubicin to
SA nanoparticles and to establish a standard protocol for their
reparation. Two different ways of drug loading to the particle
ystem were investigated: adsorption of doxorubicin to pre-
ormed nanoparticles as well as incorporation of the drug into
he particle matrix.

Firstly, the adsorption of doxorubicin to HSA in solution as
ell as to preformed HSA nanoparticles was investigated. Prior

o the adsorption experiments it was assured that no doxorubicin
dsorbs to the used filter material and that no protein passes
he filter. Under the conditions of the present study the recov-
ry of doxorubicin within the investigated concentration range
as approximately 100% (Fig. 1). No HSA was found in the
ltrafiltrates (data not shown). To determine the adsorption of
oxorubicin to dissolved HSA, doxorubicin was incubated with
SA for 2 h. Unbound drug was separated by ultrafiltration over
0 kDa size exclusion membranes. At doxorubicin concentra-
ions between 0.25 mg/ml and 1.0 mg/ml more than 95% of the
rug was adsorbed to albumin, while the adsorption decreased
o about 75% at higher drug concentrations (Fig. 2). Different

ncubation times of 30 min and 4 h led to comparable binding
fficiencies. Therefore, an incubation time of 2 h was predefined
or further experiments. The resulting adsorption isotherm was
nalysed by fitting to the isotherms of Langmuir and Freundlich.
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ig. 1. Recovery of different doxorubicin concentrations filtered with Amicon
ltrafree MC Centrifugal Filter devices (mean ± S.D.; n = 3).

he best correlation was obtained after fitting to a Freundlich
sotherm with a correlation coefficient of 0.98 in contrast to 0.86
or Langmuir. The adsorption experiment resulted in a maximum
rug binding of 140 �g doxorubicin/mg HSA.

In addition, adsorption of doxorubicin to preformed nanopar-
icles was determined. Empty nanoparticles in a size of
57 ± 5 nm prepared by protein desolvation were incubated with
oxorubicin for 2 h. At low doxorubicin concentrations, more
han 95% (11.9–35.6 �g/mg) of the drug was adsorbed to the
articles’ surface (Fig. 3). The adsorbed drug fraction decreased
ith increasing concentrations of the drug, reaching a minimum
f 69% (138 �g/mg) for 1.0 mg/ml doxorubicin. The fitting of
hese data also resulted in a Freundlich isotherm as mentioned
efore (correlation coefficient Freundlich 0.90; Langmuir 0.61).
s expected, after adsorption no significant changes in parti-
le size (158.5 ± 5.0 nm) were detectable, and the zetapotential
as −31.9 ± 2.8 mV. Additionally, the stability of the adsorptive
inding during the washing steps was examined. Less than 2%

ig. 2. Binding of doxorubicin to dissolved HSA: percentage of bound doxoru-
icin per 20.0 mg/ml of HSA in reference to the initial doxorubicin concentration
mean ± S.D.; n = 3).
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ig. 3. Adsorptive binding of doxorubicin to 5.0 mg/ml of empty nanoparticles
n reference to the initial doxorubicin concentration (mean ± S.D.; n = 3).

f the initial content was lost during each purification step. Even
fter 14 days of storage in water no considerable desorption of
he drug was observed (data not shown).

In the second part of the study, the incorporation of dox-
rubicin into the matrix of HSA nanoparticles was analysed.
he incorporation procedure was based on the results obtained

rom adsorptive binding experiments of doxorubicin to dis-
olved HSA. Doxorubicin was adsorbed to HSA in solution
rior to nanoparticle preparation by desolvation. Nanoparticles
ere prepared at two different pH values (pH 6.5 and 8.2)
sing four different doxorubicin concentrations in the range of
5–200 �g/mg. All preparations were stabilised with 1.175 �l
lutaraldehyde 8%/mg HSA corresponding to 200% of the cal-
ulated amount necessary for the quantitative crosslinking of the
9 �-amino groups of lysine in the HSA molecules of the particle
atrix. Under the chosen preparation conditions incorporation
fficiencies of up to 95% were achieved (Fig. 4). At concen-
ration levels of 0.5–2.0 mg/ml doxorubicin, the nanoparticle
reparation without pH adjustment (pH 6.5) led to an about 7%

ig. 4. Doxorubicin incorporation in HSA nanoparticles (20 mg/ml) in depen-
ence on pH and doxorubicin concentration (mean ± S.D.; n = 3).
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igher incorporation than preparations adjusted to pH 8.2. The
eason for this may be explained by different HSA conforma-
ions at different pH values. The standard conformation “N” is
resent at neutral pH. A change to the “B” conformation occurs
bove pH 8 (Carter and Ho, 1994). This “B” conformation might
ave a slightly lower affinity to doxorubicin. In contrast, the drug
oading efficiencies were reversed at higher doxorubicin concen-
rations (4 mg/ml). Without pH adjustment lower drug loading
fficiencies were achieved than with preparations adjusted to
H 8.2. In this context, concentration-dependent drug effects on
he secondary structure of HSA were shown for different drug

olecules (Neault and Tajmir-Riahi, 1998; Purcell et al., 2000).
Doxorubicin concentration and pH influenced size and poly-

ispersity of HSA nanoparticles. Monodisperse nanoparticles
ere obtained at doxorubicin concentrations of 0.5 mg/ml and
.0 mg/ml without pH adjustment (Fig. 5). These particles
howed a size of 300 ± 10 nm with a monomodal size distribu-
ion (polydispersity ≤0.1). Particle sizes increased, and broader
ize distributions (polydispersity 0.6–1.0) were observed with
ncreasing drug concentrations. For example, concentrations of
.0 mg/ml doxorubicin led to microparticles with a multimodal
ize distribution. This shows that doxorubicin influences the
esolvation process during nanoparticle preparation. The dox-
rubicin hydrochloride, which was used in the experiments,
issociates in water into the protonized anthracycline and nega-
ively charged chloride ions. Ionic compounds such as salts were
reviously shown to influence particle formation. The nanopar-
icle sizes slightly increase, probably due to the shielding of
urface charges by the added ions and thus by a reduced repulsion
etween the macromolecular components during desolvation
Langer et al., 2003). For further experiments doxorubicin
oncentrations of 0.5 mg/ml and 1.0 mg/ml were chosen in
ombination with 20 mg/ml HSA. In order to prevent particle
ggregation the preparation was performed in purified water
ithout adjustment of the pH value.
To investigate the influence of the amount of the crosslinker
lutaraldehyde on the doxorubicin incorporation efficiency and
n the doxorubicin release during storage, nanoparticles were
tabilised with 50%, 75%, 100%, and 200% glutaraldehyde,

ig. 5. Doxorubicin incorporation in HSA nanoparticles: influence of differ-
nt amounts of doxorubicin and pH on size and polydispersity of the resulting
anoparticles (mean ± S.D.; n = 3).
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bsolute drug loading efficiency of doxorubicin [�g/mg] in dependence on per-
entage of glutaraldehyde used for particle stabilisation. Nanoparticles were
repared with 1.0 mg/ml doxorubicin and 20.0 mg/ml HSA (mean ± S.D.; n = 6).

espectively. It was hypothesised that higher glutaraldehyde
oncentrations should result in a more compact crosslinked
atrix with smaller pores available for drug diffusion and, con-

equently, for drug release. The influence of the crosslinker
as determined at a drug concentration of 1.0 mg/ml dox-
rubicin (Fig. 6). The highest incorporation efficiency of
6.3 ± 1.2%, corresponding to 48.2 ± 0.2 �g/mg, was achieved
t 200% crosslinker concentration. In the case of nanoparti-
les crosslinked with 50% glutaraldehyde, the drug loading and
ntrapment efficiency decreased significantly to 67.6 ± 1.8%
nd 34.0 ± 1.4 �g/mg, respectively. At all crosslinker concen-
rations the particle size was in the range of 404 ± 14 nm, and the
etapotential was determined to be −56.1 ± 1.4 mV (Fig. 7). An
xplanation for the influence of the crosslinker on the drug load-
ng efficiency may be the formation of covalent linkage between
rug and matrix protein. Leo et al. (1997) showed that stabili-
ovalent coupling of up to 70% of the used doxorubicin to the
elatin matrix of the particles. Similar effects cannot be ruled
ut for the proposed HSA nanoparticles. However, according to

ig. 7. Doxorubicin incorporation in HSA nanoparticles: influence of
rosslinker amount used for particle stabilisation on particle size and zetapoten-
ial. Nanoparticles were prepared with 1.0 mg/ml doxorubicin and 20.0 mg/ml
SA (mean ± S.D.; n = 6).
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In the case of UKF-NB3 cells the nanoparticles prepared
in the presence of 1.0 mg/ml doxorubicin were characterised
12 S. Dreis et al. / International Journa

ur preparation method the ratio of amino groups in the HSA
o amino groups in doxorubicin is significantly higher for the
rotein and, therefore, protein crosslinking by glutaraldehyde
nstead of doxorubicin conjugation is more probable. Experi-

ents to prove this hypothesis are in progress.
Furthermore, the storage stability of the nanoparticle prepa-

ations was investigated. The doxorubicin-loaded nanoparticles
ere stored for up to 1.5 years in water at 4 ◦C, and at predefined

imes the samples were analysed with regard to size and poly-
ispersity (Fig. 8). After 1 week of storage, the particles showed
uniform red sedimentation. However, the particles could eas-

ly be redispersed by shaking for 1 min. Over a storage period
f 21 days the particle size decreased from 422 nm to 374 nm.
fter 6 months, the nanoparticles still showed an acceptable

ize just below 500 nm with a slightly increased polydispersity
f 0.2. After storage periods of 1 and 1.5 years particles became
ifficult to redisperse, and sizes increased into the micrometer
ange with a multimodal size distribution. Therefore, long-term
torage of the particles in suspension is not possible.

Finally, the effect of doxorubicin-loaded HSA nanoparticles
n the viability of two neuroblastoma cell lines (UKF-NB3;
MR 32) was tested. Nanoparticles loaded with doxorubicin
y adsorption (formulation A and B) as well as nanopar-
icles in which doxorubicin was incorporated (formulations

and D) were compared. For adsorptive drug loading
mg/ml HSA nanoparticles were incubated in the presence of
.125 mg/ml (formulation A) and 0.250 mg/ml (formulation B)
eading to drug loading efficiencies of 24.6 ± 0.3 �g/mg and
9.7 ± 0.5 �g/mg, respectively. For the preparation of nanoparti-
les with incorporated drug 20 mg/ml HSA were combined with
.5 mg/ml (formulation C) and 1.0 mg/ml doxorubicin (formu-
ation D). Glutaraldehyde concentrations ranging from 50% to
00% were used. The drug loading efficiencies varied between
7.1 ± 0.6 �g/mg and 24.3 ± 0.6 �g/mg for formulation C and

etween 33.5 ± 0.5 �g/mg and 48.4 ± 0.3 �g/mg for formula-
ion D. For the cell culture experiment the nanoparticle samples
ere diluted with cell culture medium to predefined doxorubicin

oncentrations.

ig. 8. Doxorubicin incorporation in HSA nanoparticles: influence of stor-
ge time on particle size and polydispersity. Nanoparticles were prepared with
.0 mg/ml doxorubicin and 20.0 mg/ml HSA. Samples were vortexed for 1 min
efore measurement.
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KF-NB3 cell line: adsorptive bound doxorubicin (A and B) and nanoparticles
ith incorporated doxorubicin (C and D) stabilised with glutaraldehyde between
0% and 200% (mean ± S.D.; n = 3).

The cells were incubated for 5 days with the respective par-
icle samples in concentrations of 0.75–100 ng/ml doxorubicin.
he results of the performed MTT-assay for UKF-NB3 and IMR
2 cells are shown in Figs. 9 and 10, respectively. Generally, all
f the doxorubicin-loaded nanoparticles were still effective and
ed to inhibition of cell viability in a low concentration range.
herefore, no loss of drug efficacy after binding to nanoparticles
as observed. Furthermore, all of the nanoparticle formulations
f doxorubicin showed the trend of being more effective than
he respective doxorubicin control solution.
y inhibitory concentrations (IC50) of 1.96 ± 0.94 ng/ml to

ig. 10. Influence on cell viability (IC50 in ng/ml) of different doxorubicin-
oaded HSA nanoparticle formulations compared to doxorubicin control solution
n IMR 32 cell line: adsorptive bound doxorubicin (A and B) and nanoparticles
ith incorporated doxorubicin (C and D) stabilised with glutaraldehyde between
0% and 200% (mean ± S.D.; n = 3).



l of P

2
1
a
s
a
c
t
c
t
t
s
n
t
t
o
b
b

o
t
p
A
o
i
r
i
d
t
e

4

l
o
d
c
t
w

e
c
d
e

b
t
n
b
v
w
2
6
a
p
m
s

o
a

A

S

R

A

B

C

C

C

C

D

D

D

E

F

G

G

H

S. Dreis et al. / International Journa

.65 ± 1.55 ng/ml for nanoparticles with entrapped drug and of

.58 ± 0.66 ng/ml to 2.28 ± 0.02 ng/ml for nanoparticles with
dsorbed drug, respectively. The doxorubicin control solution
howed an IC50 of 5.22 ± 2.66 ng/ml. Particle crosslinking
fter doxorubicin incorporation showed the trend that higher
rosslinker concentrations led to higher inhibitory concentra-
ions. For nanoparticles which were loaded with a doxorubicin
oncentration of 0.5 mg/ml the IC50 values increased from par-
icles stabilised with 50% glutaraldehyde (2.94 ± 1.38 ng/ml)
o 200% crosslinked nanoparticles (4.65 ± 3.37 ng/ml). Con-
equently, intracellular drug release may be decreased with
anoparticles crosslinked by higher glutaraldehyde concentra-
ions. Therefore, a lower degree of particle stabilisation seems
o be advantageous. Looking at the effect of drug loading it was
bserved that nanoparticles with a higher payload of doxoru-
icin showed an increased inhibition of cell viability, possibly
ecause more drug is transported into the cell per single carrier.

Similar results were observed in IMR 32 cells (Fig. 10). All
f the IC50 values of the particle preparations (2.11 ± 0.83 ng/ml
o 4.42 ± 2.23 ng/ml) were significantly lower (p ≤ 0.001) com-
ared to the doxorubicin control solution (8.78 ± 1.25 ng/ml).
s previously observed for UKF-NB3 cells, the same trend
f higher doxorubicin loading resulting in a more pronounced
nhibition of cell growth was detected. Interestingly, no clear cor-
elation between crosslinking of the particle matrix and growth
nhibition could be observed in IMR-32 cells. The reason for this
ifference remains unclear. Differences in uptake and degrada-
ion of HSA nanoparticles between the cell lines might be an
xplanation.

. Conclusion

In our study we investigated the preparation of doxorubicin-
oaded HSA nanoparticles. Doxorubicin may either be adsorbed
nto the particle surface or incorporated into the particle matrix
uring particle preparation. In order to verify the influence on
ell viability of doxorubicin after drug loading to the carrier sys-
em the 50% inhibitory concentration (IC50) of the formulations
as investigated in two neuroblastoma cell lines.
The adsorption study resulted in nanoparticles with a loading

fficiency of more than 95% for initial doxorubicin con-
entrations equal or below 0.25 mg/ml. Particle sizes of the
rug-loaded particles did not differ significantly compared to
mpty nanoparticles.

Nanoparticles with incorporated doxorubicin were prepared
y incubating the drug with matrix protein prior to the desolva-
ion and crosslinking step. The characteristics of the resulting
anoparticles were dependent on the concentration of doxoru-
icin, the amount of the crosslinker glutaraldehyde, and the pH
alue during the desolvation process. The best nanoparticles
ere obtained at doxorubicin concentrations ≤1.0 mg/ml with
0.0 mg/ml HSA, 100% crosslinking and no pH adjustment (pH
.5). A stability study revealed that HSA nanoparticles prepared

ccording to these standard conditions showed no changes in
article size even when stored in aqueous suspension for up to 6
onths at 4 ◦C. Additionally, doxorubicin loading to the carrier

ystem did not result in a reduced biological activity; inhibition

I
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f cell growth was comparable or even better when compared to
doxorubicin control solution.

cknowledgement

This work was supported by a fund by Lohmann Therapie-
ysteme (LTS), Andernach, Germany.

eferences

mbruosi, A., Khalansky, A.S., Yamamoto, H., Gelperina, S.E., Begley, D.J.,
Kreuter, J., 2006. Biodistribution of polysorbate 80-coated doxorubicin-
loaded [14C]-poly(butyl cyanoacrylate) nanoparticles after intravenous
administration to glioblastoma-bearing rats. J. Drug Target. 14, 97–
105.

arraud, L., Merle, P., Soma, E., Lefrancois, L., Guerret, S., Chevallier, M.,
Dubernet, C., Couvreur, P., Trepo, C., Vitvitski, L., 2005. Increase of doxoru-
bicin sensitivity by doxorubicin-loading into nanoparticles for hepatocellular
carcinoma cells in vitro and in vivo. J. Hepatol. 42, 736–743.

arter, D.C., Ho, J.X., 1994. Structure of serum albumin. Adv. Protein Chem.
45, 153–203.

inatl, J., Cinatl, J., Mainke, M., Weissflog, A., Steigmann, G., Rabenau, H.,
Doerr, H.W., Kornhuber, B., 1992. Aphidicolin selectively kills neuroblas-
toma cells in vitro. Cancer Lett. 67, 199–206.

onfigliacchi, E., Razzano, G., Rizzo, V., Vigevani, A., 1996. HPLC methods
for the determination of bound and free doxorubicin, and of bound and
free galactosamine, in methacrylamide polymer-drug conjugates. J. Pharm.
Biomed. Anal. 15, 123–129.

uvier, C., Roblot-Treupel, L., Millot, J.M., Lizard, G., Chevillard, S., Man-
fait, M., Couvreur, P., Poupon, M.F., 1992. Doxorubicin-loaded nanospheres
bypass tumor cell multidrug resistance. Biochem. Pharmacol. 44, 509–517.

amascelli, B., Cantu, G., Mattavelli, F., Tamplenizza, P., Bidoli, P., Leo,
E., Dosio, F., Cerrotta, A.M., Di Tolla, G., Frigerio, L.F., Garbagnati, F.,
Lanocita, R., Marchiano, A., Patelli, G., Spreafico, C., Ticha, V., Vespro, V.,
Zunino, F., 2001. Intraarterial chemotherapy with polyoxyethylated castor
oil free paclitaxel, incorporated in albumin nanoparticles (ABI-007): phase
II study of patients with squamous cell carcinoma of the head and neck
and anal canal: preliminary evidence of clinical activity. Cancer 92, 2592–
2602.

uncan, R., 2003. The dawning era of polymer therapeutics. Nat. Rev. Drug
Discov. 2, 347–360.

uncan, R., Vicent, M.J., Greco, F., Nicholson, R.I., 2005. Polymer-drug con-
jugates: towards a novel approach for the treatment of endrocine-related
cancer. Endocr. Relat. Cancer. 12, S189–S199.

atock, M., Church, N., Harris, R., Angerson, W., McArdle, C., French, R.,
Twelves, C., 1999. Activity of doxorubicin covalently bound to a novel
human serum albumin microcapsule. Invest. New Drugs 17, 111–120.

einstein, S.B., Cheirif, J., Ten Cate, F.J., Silverman, P.R., Heidenreich, P.A.,
Dick, C., Desir, R.M., Armstrong, W.F., Quinones, M.A., Shah, P.M., 1990.
Safety and efficacy of a new transpulmonary ultrasound contrast agent: initial
multicenter clinical results. J. Am. Coll. Cardiol. 16, 316–324.

eny, B., Mettauer, B., Muan, B., Bischoff, P., Epailly, E., Piquard, F., Eisen-
mann, B., Haberey, P., 1993. Safety and efficacy of a new transpulmonary
echo contrast agent in echocardiographic studies in patients. J. Am. Coll.
Cardiol. 22, 1193–1198.

ulyaev, A.E., Gelperina, S.E., Skidan, I.N., Antropov, A.S., Kivman, G.Y.,
Kreuter, J., 1999. Significant transport of doxorubicin into the brain with
polysorbate 80-coated nanoparticles. Pharm. Res. 16, 1564–1569.

urwitz, E., Levy, R., Maron, R., Wilchek, M., Arnon, R., Sela, M., 1975. The
covalent binding of daunomycin and adriamycin to antibodies, with retention
of both drug and antibody activities. Cancer Res. 35, 1175–1181.
brahim, N.K., Desai, N., Legha, S., Soon-Shiong, P., Theriault, R.L., Rivera,
E., Esmaeli, B., Ring, S.E., Bedikian, A., Hortobagyi, G.N., Ellerhorst, J.A.,
2002. Phase I and pharmacokinetic study of ABI-007, a cremophor-free,
protein-stabilized, nanoparticle formulation of paclitaxel. Clin. Cancer Res.
8, 1038–1044.



2 l of P

K

K

L

L

L

M

M

M

N

O

P

S

S

S

S

W

W

14 S. Dreis et al. / International Journa

ratz, F., Beyer, U., Collery, P., Lechenault, F., Cazabat, A., Schumacher, P.,
Falken, U., Unger, C., 1998a. Preparation, characterization and in vitro
efficacy of albumin conjugates of doxorubicin. Biol. Pharm. Bull. 21, 56–61.

ratz, F., Beyer, U., Roth, T., Tarasova, N., Collery, P., Lechenault, F., Cazabat,
A., Schumacher, P., Unger, C., Falken, U., 1998b. Transferrin conjugates
of doxorubicin: synthesis, characterization, cellular uptake, and in vitro
efficacy. J. Pharm. Sci. 87, 338–346.

anger, K., Balthasar, S., Vogel, V., Dinauer, N., von Briesen, H., Schubert, D.,
2003. Optimization of the preparation process for human serum albumin
(HSA) nanoparticles. Int. J. Pharm. 257, 169–180.

eo, E., Cameroni, R., Forni, F., 1999. Dynamic dialysis for the drug release
evaluation from doxorubicin-gelatin nanoparticle conjugates. Int. J. Pharm.
180, 23–30.

eo, E., Vandelli, M.A., Cameroni, R., Forni, F., 1997. Doxorubicin-loaded
gelatin nanoparticles stabilized by glutaraldehyde: Involvement of the drug
in the cross-linking process. Int. J. Pharm. 155, 75–82.

aeda, H., Wu, J., Sawa, T., Matsumura, Y., Hori, K., 2000. Tumor vascular
permeability and the EPR effect in macromolecular therapeutics: a review.
J. Control. Rel. 65, 271–284.

inotti, G., Menna, P., Salvatorelli, E., Cairo, G., Gianni, L., 2004. Anthracy-
clines: molecular advances and pharmacologic developments in antitumor
activity and cardiotoxicity. Pharmacol. Rev. 56, 185–229.

osmann, T., 1983. Rapid colorimetric assay for cellular growth and survival:

application to proliferation and cytotoxicity assays. J. Immunol. Methods
65, 55–63.

eault, J.F., Tajmir-Riahi, H.A., 1998. Interaction of cisplatin with human serum
albumin. Drug binding mode and protein secondary structure. Biochim.
Biophys. Acta 1384, 153–159.

W

Y

harmaceutics 341 (2007) 207–214

hkawa, K., Hatano, T., Yamada, K., Joh, K., Takada, K., Tsukada, Y., Mat-
suda, M., 1993. Bovine serum albumin-doxorubicin conjugate overcomes
multidrug resistance in a rat hepatoma. Cancer Res. 53, 4238–4242.

urcell, M., Neault, J.F., Tajmir-Riahi, H.A., 2000. Interaction of taxol with
human serum albumin. Biochim. Biophys. Acta 1478, 61–68.

eymour, L.W., Ulbrich, K., Strohalm, J., Kopecek, J., Duncan, R., 1990. The
pharmacokinetics of polymer-bound adriamycin. Biochem. Pharmacol. 39,
1125–1131.

ingal, P.K., Li, T., Kumar, D., Danelisen, I., Iliskovic, N., 2000. Adriamycin-
induced heart failure: mechanism and modulation. Mol. Cell Biochem. 207,
77–86.

mith, P., 1995. Measurement of protein using bicinchiconic acid. Anal.
Biochem. 150, 76–85.

teiniger, S.C., Kreuter, J., Khalansky, A.S., Skidan, I.N., Bobruskin, A.I.,
Smirnova, Z.S., Severin, S.E., Uhl, R., Kock, M., Geiger, K.D., Gelperina,
S.E., 2004. Chemotherapy of glioblastoma in rats using doxorubicin-loaded
nanoparticles. Int. J. Cancer 109, 759–767.

artlick, H., Michaelis, K., Balthasar, S., Strebhardt, K., Kreuter, J., Langer, K.,
2004a. Highly specific HER2-mediated cellular uptake of antibody-modified
nanoparticles in tumour cells. J. Drug Target. 12, 461–471.

artlick, H., Spänkuch-Schmitt, B., Strebhardt, K., Kreuter, J., Langer, K.,
2004b. Tumour cell delivery of antisense oligonuclceotides by human serum
albumin nanoparticles. J. Control. Rel. 96, 483–495.
eber, C., Kreuter, J., Langer, K., 2000. Desolvation process and surface char-
acteristics of HSA-nanoparticles. Int. J. Pharm. 196, 197–200.

oo, H.S., Oh, J.E., Lee, K.H., Park, T.G., 1999. Biodegradable nanoparticles
containing doxorubicin-PLGA conjugate for sustained release. Pharm. Res.
16, 1114–1118.


	Preparation, characterisation and maintenance of drug efficacy of doxorubicin-loaded human serum albumin (HSA) nanoparticles
	Introduction
	Materials and methods
	Chemicals and reagents
	Adsorption isotherm of doxorubicin to HSA
	Preparation of empty HSA nanoparticles
	Adsorption of doxorubicin to empty HSA nanoparticles
	Incorporation of doxorubicin into HSA nanoparticles
	Measurement of particle size and zetapotential
	Long-time stability of HSA nanoparticles with incorporated doxorubicin
	HPLC analysis of doxorubicin
	Cells
	Cell viability-assay

	Results and discussion
	Conclusion
	Acknowledgement
	References


